Mg-Al Hydrotalcite-like clay (LDH) intercalated with diclofenac anions (HTlc-DIC) was introduced into poly(ε-caprolactone) (PCL) in different concentrations by the electrospinning technique, and mats of nonwoven fibers were obtained and compared to the pristine pure electrospun PCL. The fibers, characterized by X-ray diffraction, thermogravimetric analysis, and differential scanning calorimetry, show an exfoliated clay structure up to 3 wt%, a good thermal stability of the diclofenac molecules and a crystallinity of PCL comparable to the pure polymer. The scanning electron microscopy revealed electrospun PCL and PCL composite fibers diameters ranging between 500 nm to 3.0 μm and a generally uniform thickness along the fibers. As the results suggested the in vitro drug release from the composite fibers is remarkably slower than the release from the corresponding control spun solutions of PCL and diclofenac sodium salt. Thus, HTlc-DIC/PCL fibrous membranes can be used as an antinflammatory scaffold for tissue engineering.
Introduction
A challenge to the field of biomedical applications, and in particular of tissue engineering, is currently the design of synthetic matrices that can mimic the structure and biological functions of the natural extracellular matrix (ECM). Human cells can attach and organize well around fibers with suitable diameters. In this regard, nanoscale fibrous scaffolds can provide an optimal template for cells to seed, migrate, and grow. The utilization of biomaterialsboth natural and synthetic-is enabling to develop scaffolds specifically designed for many medical applications [1] [2] [3] [4] [5] [6] [7] [8] . The production methods for preparing such devices are wide ranging, and each method has its unique characteristics. Of particular interest in tissue engineering is the creation of reproducible and biocompatible three-dimensional scaffolds resulting in biomatrix composites useful for various applications, as medical prostheses, wound dressing, and tissue template. In each specific application the ability to shape materials on different length scales, including the nanoscale, is of the utmost importance.
Recently electrospinning, able to produce nonwoven membranes of nanofibres, characterized by a high surface-tovolume ratio, has been demonstrated as a successful means of producing scaffolds having many of the desirable and controllable properties. It is applicable to a wide variety of polymers and composite polymers, both natural and synthetic. In this technique polymer nanofibers are produced from an electrostatically driven jet of polymer solution or melt. The discharged polymer solution jet undergoes a whipping process wherein the solvent evaporates and the highly stretched polymer fiber deposits on a grounded target. A number of experimental parameters control the fiber diameter and morphology. The nanofibers, with diameters ranging from microns down to hundreds of nanometers or less, can be fabricated into a variety of forms such as membranes, coatings, and films and therefore can be used in several applications [9] [10] [11] [12] [13] [14] [15] .
Linear aliphatic polyesters such as polyglicolide (PGA), polylactide (PLA), polycaprolactone (PCL), as well as their copolymers, are more and more often used as the base materials for tissue engineering [16] . These materials meet several controlled release criteria; that is, they are biocompatible and biodegradable, beside they can provide high efficiency of drug loading. The release profiles of entrapped drugs can be finely tuned by controlling the degradation 2 Journal of Nanomaterials rate of the polymer matrix through molecular weight and distribution, material composition, and porosity of the carriers. However, the successful encapsulation of water soluble agents in these hydrophobic polymers still presents challenges in high drug loading and avoiding their denaturation during the formulation process. Electrospun polymer nanofibers have been designed for pharmaceutical compositions either integrating the drug and carrier materials into one kind of fiber containing both components or electrospinning the carrier material into a tubular form in which the drug particles are encapsulated. However a possible limit of these systems is a rapid release of the drug, making it available for a too short period [17, 18] .
A more remarkable innovation in this field is currently coming from nanoscience and nanotechnologies, that are opening new opportunities for producing materials with surprisingly unusual properties. The possibility to manipulate at atomic or molecular level induces structures having unique characteristics and completely new functionalities to be used not only as structural materials but also as smart structures for many fields as drug delivery. Innovative composites can be obtained employing a suitable nanoscale or other fine scale architecture to control the structural organization and, as a consequence, the physical and mechanical properties of the material. Nanoscale reinforcement has found widespread interest in the macromolecular field, since polymer properties are remarkably improved when compared with virgin polymer or conventional microcomposites. On the other hand, a wide range of additives, including biologically active molecules, can be immobilized on the inorganic lamellae with ionic bonds. They can be successively released by exchange reactions with ions present in the solutions they are put in contact.
Recently a novel therapeutic delivery system based on metal (II)-metal (III) layered double hydroxides (LDHs) or hydrotalcite-like compound (HTlc) was proposed. In our case LDHs consist of brucite-like layers of magnesium hydroxide, where some Mg(II) cations are isomorphically substituted with Al(III) cations to confer net positive charges to the layers. These charges are balanced by interlayered hydrated anions, resulting in a multilayer of alternating host layers and gallery anions [19] [20] [21] . Using ion exchange reaction, many novel complexes may be synthesized, and actually anti-inflammatory, antibiotics, plant growth regulators, and others have been incorporated into LDHs, obtaining nanohybrids that can slowly release the active molecules [22] [23] [24] .
In this study we present the preparation of new fibrous composites by using electrospinning technique, obtained by fixing an anti-inflammatory drug, diclofenac sodium, into a lamellar inorganic compound, and incorporating the obtained nanohybrid into a biodegradable polycaprolactone. The structure, morphology, and thermal behavior of the electrospun fibers were analyzed. The release of the active diclofenac molecules was found much slower in comparison to the release of the fibers in which the drug was directly incorporated into the polymer. [25] [26] [27] .
Experimental Procedures
Poly(ε-caprolactone) (PCL, Mn = 80000 Da), diclofenac sodium salt (DIC-Na), and acetone were purchased from Sigma-Aldrich.
Electrospinning of PCL, PCL/HTlc-DIC
, and PCL/DICNa Fibers. PCL fibers were prepared by electrospinning of its solution in acetone (15 wt% PCL). PCL/HTlc-DIC fibers with PCL/HTlc-DIC weight ratio of 90/10, 95/5, 97/3, and 99/1 were prepared by electrospinning of their mixed solution in acetone (15 wt% total polymer concentration). These solutions were prepared by first dissolving the exact amount of PCL required to obtain the fully polymer solution in acetone as the solvent. The filler HTlc-DIC was slowly added to the acetone polymer solution with vigorous stirring at 50
• C for 3 hours. After cooling at room temperature the solutions were electrospun. Control acetone solutions were prepared as previously described with the concentration of PCL of 15 wt% and the concentration of DIC-Na ranging from 0.5 to 5 wt% respect to PCL.
Briefly, the electrospinning in a typical run was carried out as follows. PCL, PCL/HTlc-DIC, and PCL/DIC-Na solutions were placed in a glass syringe (5 mL) with a capillary tip diameter of 0.8 mm. A copper wire was mounted in the spinneret and used as the positive electrode. The electrode was connected to a variable high voltage power supply purchased from Gamma High Voltage Research, Ormond, FL. The electrospinning was carried out at a constant applied voltage (35 kV) and at a constant distance between the tip of the syringe and the collector (20 cm). For easy collecting of the electrospun mats, aluminum plates measuring 10 × 10 cm were placed on the collection screen. The electrospun samples were placed under vacuum for 72 hours to remove any solvent residues. In the following the samples will be named as PCL-HDICn and PCL-DICNan, where n is the amount of HTlc-DIC and DIC-Na present in the composites, respectively.
The electrospinning conditions are summarized in Table 1 .
Methods
Thermogravimetric Analysis (TG-DTA). Thermoanalytical characterizations were performed with a Mettler TC-10 thermobalance operating at 5
• C/min heating rate, under air flow, from 30
• C to 1000 • C. Degradation temperature (T d ) is reported as the midpoint of the degradation step.
Differential Scanning Calorimetry (DSC)
. DSC measurements were carried out using a thermal analyzer Mettler DSC 822/400 instrument having subambient capability at a heating rate of 10
• C/min from −60 • C to 180
• C. 
X-Ray Powder Diffraction (XRPD)
. XRPD patterns were recorded, in reflection, with an automatic Bruker diffractometer (equipped with a continuous scan attachment and a proportional counter), using the nickel filtered Cu Kα radiation (λ = 1.54050Å) and operating at 40 kV and 40 mA, step scan 0.05
• of 2θ and 3 seconds of counting time.
Scanning Electron Microscopy (SEM).
All samples were sputter coated with gold, then observed by scanning electron microscope (SEM; JEOL JSM-T300).
Ultraviolet Spectroscopy (UV-VIS).
In vitro drug release tests were performed using rectangular specimen of each sample, 100 micron of thickness, placed into a physiological saline solution kept in the dark (25 mL of medium at room temperature and 100 rpm, three replicates). At predetermined time intervals, 2 mL of solution were removed and spectrophotometrically detected at 272 nm using a SHIMADZU UV-2401 PC spectrometer.
Results and Discussion

Thermogravimetric Analysis.
The thermal behavior of all samples was evaluated by thermogravimetric analysis. Figure 1 shows the TG curves of the nanohybrid HTlc-DIC, the spun PCL and the spun PCL-HDIC5, representative of all the composites. The content of the inorganic component (expressed as g of MgO and MgAl 2 O 4 per 100 g of composite) and the degradation temperature have been determined by recording the thermal decomposition up to 1000
• C in air.
Analyzing the recorded curves, we notice that the degradation occurs in different stages with various mass losses for all samples.
As for sample HTlc-DIC the first stage starts as soon as heating begins and it is completed by 150
• C, showing a 10% of the sample mass loss. This stage is associated with the dehydration of surface water molecules and the loss of crystallization water located in the interlayer region. In the next stage, between 150
• C and 250
• C, the loss of 5% is corresponding to the thermal desorption of diclofenac anions taken up on the surface of the microcrystals. Between 250
• C and 600
• C there is the thermal decomposition of the organic compound, accounting for 56% of the sample mass loss. Over 800
• C there is no change in weight loss indicating the formation of pure inorganic oxides (i.e., MgO Figure 1 also shows a comparison between TG curves of the pure spun PCL and the spun composite PCL-HDIC5, taken as representative of all the composites. The weight loss profiles of all composites are very similar each other being characterized by one important weight-loss stage, which occurs at midpoint of thermal degradation (Td) values lower in comparison to that of the pure PCL which occurs at about 378
• C. The incorporation of the nanohybrid HTlc-DIC within PCL anticipates the Td midpoints of the composites, due to base-catalyzed hydrolysis on the ester bonds of filler constitution water, released during the thermal treatment, as described in a previous work [28] . The Td midpoints of the composites are, in fact, in the temperature range where the hybrids loose the constitution water with formation of the oxides, before the decomposition of the organic guests. These Td values slightly decrease on increasing the HTlc-DIC content up to 3 wt% and then remain quite constant over such value. For example, the Td value of the sample PCL-HDIC5 is about 63
• C lower than that of pure PCL, as shown in Table 2 . Table 2 shows some characterization thermal data of HTlc-DIC, the pristine PCL, and the composites thereby obtained.
Differential Scanning Calorimetry.
To investigate the thermal behaviour, such as melting, crystallization, and formation of a crystalline structure, we performed DSC measurements. The heat flow DSC profiles for the nonisothermal melting behavior for pure PCL, the nanohybrid HTlc-DIC, and all PCL composites are represented in Figure 2 . The endothermic peak during the heating stage of pure PCL is centered at about 59
• C. This is attributed to the melting of the crystalline PCL phase.
The crystallinity degree (X c ) of PCL and PCL component in the composites was evaluated by the melting peak area using the following equation (1):
where ΔH 0 m is the heat of fusion for a theoretically 100% crystalline PCL (taken to be 146 J/g [29] ), ΔH m is the melting enthalpy of the sample, and f is the weight fraction of polymer.
As reported in Table 3 , after incorporation of the nanohybrid HTlc-DIC in the PCL matrix, the melting temperatures (T m ) shift moderately to higher values compared with pure PCL.
The melting enthalpy (ΔH m ) and the corresponding degree of crystallinity (X c ) increase after incorporation of the nanohybrid. These results indicate that there are some interactions between PCL and HTlc-DIC; therefore the nanohybrid particles act as heterogeneous nucleation sites for PCL crystallization.
The presence of the inorganic nanohybrid decreases the degradation temperature of the matrix, without affecting its ability to crystallize and well organize. 
Powder X-Ray Diffraction.
Information about the dispersion degree of the nanohybrids into PCL polymeric matrix was given by X-ray diffraction study. The powder XRD patterns of PCL, the nanohybrid HTlc-DIC, and relative composites obtained by electrospinning technique are shown in Figure 3 .
The sharp peak at 3.86
• of 2θ of the pristine hydrotalcite HTlc-DIC indicates the formation of highly crystalline material. The basal spacing (d 003 ) corresponds to an interlayer distance of 22.9Å, due to the intercalation of diclofenac anions in the inorganic lamellae [26] . In the same figure the X-ray diffractograms of pure PCL and the composites loaded with the inorganic nanohybrid component are shown.
The pure PCL, spun from the 15% solution in acetone, shows the crystalline structure well developed with the main peaks at 21.4
• and 23.8
• of 2θ and a reduced amorphous fraction.
The X-ray patterns of composites containing HTlc-DIC up to 3 wt% show only the typical reflections of crystalline PCL. This is an indication that the inorganic lamellae are well dispersed up to this concentration of HTlc-DIC. At variance at concentration of 5 and 10 wt% of HTlc-DIC the basal peak of the inorganic component is present in the diffractograms although of reduced intensity. This indicates that the inorganic lamellae neither exfoliated nor intercalated the polymer, giving rise to microcomposites. This effect, that is, the exfoliation up to a given concentration, and formation of microcomposites at higher values of concentration, has been already reported in many studies [30, 31] .
Scanning Electron Microscopy (SEM). The morphology and the fiber diameters of the electrospun fibers have been investigated by Scanning Electronic Microscopy (SEM).
As reported in a previous study [32] PCL electrospun fibers without beads were obtained from acetone solution at concentration of 15 wt%. The SEM micrograph of electrospun PCL shown in Figure 4 (a) revealed that the diameter of the PCL fibers in the nonwoven mat ranged from 500 nm to 3.0 μm. The individual electrospun fibers appear to be randomly distributed and generally had similar thickness along the fiber. About 100 fibers were tested in order to determine the diameter distribution.
The experimental conditions used to produce PCL fibers were also used to electrospin the composite samples (see experimental section). The addition of HTlc-DIC or DICNa to PCL dissolved in acetone did not appear to hinder the electrospinning process. The fiber diameter morphology of the composite electrospun fibers was again examined using SEM. Based on the SEM micrographs for the different fibrous samples investigated, the fibers showed a similar fiber diameter and morphology to PCL fibers described above. For example, the PCL-HDIC5 fibers ranged between 500 nm and 3.0 μm (average fiber diameter, 1.0 μm), with generally uniform thickness along the fibers. Again the electrospun fibers were distributed randomly in the nonwoven mat (see Figure 4 (b)) with poor presence of beads.
The control sample, PCL-DICNa2.5, had similar fiber diameter characteristics of the composite with 5 wt% of HTlc-DIC: average 1.0 μm; maximum 2.5 μm; minimum 0.5 μm (see Figure 4(c) ).
It might be noted that the data are very similar in terms of diameter range for all samples, while the distribution is centred in a single value only for the composites. The introduction of DIC-Na or HTlc-DIC in the PCL creates fibers with similar distribution centred in 1.0 μm.
For the pure PCL and the control sample PCL-DICNa2.5 we observed the formation of fibers without beads; the sample PCL-HDIC5 has been electrospun in form of poorly beaded fibers.
On the basis of the x-ray diffraction and of the microscopy data it is possible to conclude that the interactions guest-host and guest-guest that occur inside the interlayer region of the filler could affect the dispersion degree and the exfoliation of the intercalation compounds into the polymer.
Diclofenac Release.
The diclofenac release profiles from electrospun fibers of PCL-HDIC5 and the control sample PCL-DICNa2.5 are shown in Figure 5 .
After 1 hour, less than 10 wt% of DIC was released from the composite PCL-HDIC5, whereas after the same time period it was completely released from the control sample PCL-DICNa2.5.
The release of diclofenac from the composite PCL-HDIC5 is both much slower and more complex. Similar release kinetic curves were obtained for the other composites and for this reason only the data relative to the sample with 5 wt% of HTlc-DIC are shown. As can be seen in Figure 5 , the sample PCL-HDIC5 presents a typical time-dependent profile with a fast release in an early period, followed by a very reduced release. The first step stage extends up to 1 hour and in this step 10% of the drug is released; the second stage, in which the released content of the drug is linearly dependent on the time, extends up to 4 days showing 20% of the drug released. The latter stage, followed up to 240 days, shows that only 50% of drug had been released for such a long time.
As in previous cases [23, 26] it can be suggested that the first stage is due to the drug anchored in the inorganic lamellae laying on the surface of the fibers. In this case the release time is dependent only on the ionic exchange reaction time, that is very rapid and is completed in 1 hour. The second and third stages are due to the drug coming from the inside of the matrix, whose exit depends on the diffusion behaviour of the counter-anion going in, the exchange reaction time, and on the diffusion of the drug itself going out. These three steps are very slow and a release extending for months can be observed.
The release rate of DIC anions from the nanohybrid is obviously lower than that from the physical mixture (PCL/DIC-Na). In addition, the release rate of DIC from the composites is dependent on DIC concentration in the sample. Increasing in drug load increases the extent of DIC release. Results of this study suggest the importance of diffusion through the LDH particle in controlling the drug release rate.
From the linear part of the kinetic curve (reported as C t /C eq versus (t) 1/2 ), see Figure 6 , it is possible to calculate the diffusion coefficient D (cm 2 /s) by the following equation (2) [33] :
where C t is the released concentration of DIC at time t, C eq is the maximum equilibrium concentration of released molecules, and d (cm) is the thickness of the sample. Figure 6 reports C t /C eq versus square root of time for samples PCLDICNa2.5 (a) and PCL-HDIC5 (b). Sample PCL-DICNa2.5 ( Figure 6(a) ) shows one step of diffusional behaviour giving a diffusion coefficient of 2.15 × 10 −9 cm 2 /s. The C t /C eq versus (t) 1/2 curve of sample PCL-HDIC5 (Figure 6(b) ) displays three steps of release from which we calculated three different diffusion coefficients. The first step (up to 1 hour), corresponding to the time in which we observed the complete release of the active molecules from the sample PCL-DICNa2.5, shows a diffusion coefficient of 2.81 × 10 −11 cm 2 /s. It is underlined that even in the rapid stage we obtained a very slow release of DIC, as demonstrated from D value being two orders of magnitude lower than the control sample (PCL-DICNa2.5). The second step (from 1 to 96 hours) and the last step (from 4 to 240 days) show a much slower kinetics with an apparent diffusion coefficient of 6.16 × 10 −13 cm 2 /s and 6.62 × 10 −14 cm 2 /s, respectively. The higher the contact time of samples with the physiological solution, is the lower is rate of DIC release.
Concluding Remarks
Microfibers of PCL and PCL composites with diameter less than 3.5 μm have been successfully produced using the electrospinning process. The fibers were characterized by thermogravimetric analysis, differential scanning calorimetry, X-ray diffraction, and scanning electron microscopy. The drug release kinetics are remarkably lower than that from the corresponding control spun solutions of PCL and diclofenac sodium salt. On the basis of this study it can be concluded that electrospun PCL is a good matrix for containing and gradually releasing antinflammatory substance.
(i) The composites (PCL-HDICn) were obtained by mixing poly(ε-caprolactone) (PCL) and a clay (Layered Double Hydroxide, LDH) modified with antiinflammatory molecules (diclofenac sodium) (HTlc-DIC) in a wide range of concentration and then electrospun from acetone solution (15 wt% of PCL concentration).
(ii) The crystallinity and melting temperature of the composites resulted even higher than the pristine PCL, indicating a nucleant effect of the clay on the PCL crystallization.
(iii) X-ray diffraction showed a lack of the basal peak of clay at lower concentrations up to 3 wt% of HTlc-DIC indicating a possible exfoliation of the clay. At higher concentration the presence of the basal peak indicated the formation of microcomposites.
(iv) The diameter of the pristine PCL and the composite samples observed by SEM indicated very similar values with a distribution centered at 1.0 μm for the composites.
(v) The release of the diclofenac drug, investigated in the sample containing 5 wt% of HTlc-DIC, was found much slower than the release from the PCL sample containing the drug directly dispersed into the polymer fibers.
